Introduction
Room temperature ionic liquids (RTILs) are emerging as an attractive new class of 'green' solvents to replace traditional solvents that often pose detrimental health and environmental effects. RTILs are composed of organic cations (e.g., imidazolium, pyrrolidinium, phosphonium, ammonium) and inorganic anions (Cl -, PF 6 -, BF 4 -) or organic anions (trifluoromethysulfonate, [CF 3 SO 3 ] -; trifluoroethanoate, [CF 3 CO 2 ] -; etc.) [1] . They are widely used in the analytical chemistry field due to their unique properties, such as negligible vapor pressure, low melting point, high chemical and thermal stability, low moisture sensitivity, non-flammability, high electrical conductivity, and ability to dissolve in both hydrophilic and hydrophobic solutes [2] [3] [4] . RTILs are used in a wide range of chemical processes including extraction technology, chemical reaction, organic synthesis, electrochemistry, gas and liquid chromatography, mass spectrometry, and spectroscopy [5] [6] [7] [8] [9] [10] [11] [12] . Among these applications, the use of RTILs in spectroscopy is worth special mention as RTILs are reported to both sensitize and quench fluorescence of chemicals with different fluorophores [13, 14] . For example, Wu and coworkers [15] 6 , significantly enhanced the fluorescence intensities (FIs) of four isoquinoline alkaloids. Our previous investigation demonstrated that [BMIM] PF 6 quenched the fluorescence of 17 β-estradiol, but enhanced the fluorescence sensitivity of its derivatives with dansyl chloride (DNSCl) [16] . The FIs of norfloxacin were decreased with increasing alkyl chain length on the imidazolium ring of RTILs, and the main interaction between the ionic liquid [C n mim]Br and norfloxacin was shown not to consist of hydrogen bonding [17] . These past studies indicate that RTILs can have varying effects on chemicals with the different fluorophores. However, there is a paucity of data examining interactions between RTILs and weakly fluorescent chemicals, which hinders the efficient utilization of these 'green' solvents.
Bisphenol A (BPA) is an endocrine disrupting chemical that is widely used as a stabilizer in synthesis of polycarbonate and epoxy resins, unsaturated polyester-styrene resin and flame-retardant [18] . In recent years, BPA was shown to cause detrimental reproductive effects on wildlife and humans through altering endocrine function and may disrupt growth and development by interfering with the production, release, Fig. 1 The fluorescence emission spectra of BPA in acetonitrile and RTIL-acetonitrile systems. Note: 1-6 indicates 0, 0.05, 0.1, 0.5, 1.0, 5.0 mM RTILs transport, metabolism, binding, and regulation of developmental processes [19] . The primary pathway of BPA introduction into the environment is from plastic-producing industry and landfill sites, which then enters into surface water and sediment through the sewage system [20] .
Fluorescence determination is a quick and sensitive technique for analysis of organic chemicals with strong fluorophores. However, BPA is a weakly fluorescent chemical in aqueous solution due to its low quantum yield, and thus direct fluorescence determination is seldom applied at its trace analysis [21] . Studies examining interactions between RTILs and BPA can provide a theoretical foundation for application in the analysis of weakly fluorescent chemicals. In this study, 12 RTILs were chosen as representative solvents to analyze their effects on fluorescence spectra and fluorescence intensity of BPA. The effects of RTILs on strongly fluorescence chemicals (norfloxacin and DNSCl) and weakly fluorescence chemicals (BPA) were compared and analyzed.
Experimental

Materials
BPA was purchased from Sigma-Aldrich (St. Louis, MO, USA). All RTILs had stated purities of 99.0 % (Shanghai Chengjie Chemical Co., Shanghai, China) and were used as received. HPLC-grade acetonitrile was purchased from Jinshan Reagent Corporation (Wenzhou, China). Ultra-pure water was prepared with a Millipore Milli-Q plus system (Bedford, MA, USA).
Instruments
All fluorescent intensity analyses were performed on a model RF-5301PC spectrofluorometer (Shimadzu Corporation, Tokyo, Japan) coupled with a 150 W xenon arc lamp as the excitation source and single-grating monochromators as wavelength selection devices. The slit width was 5 nm. The excitation and emission wavelengths for BPA were 230 nm and 304 nm, respectively. All fluorescence spectra were corrected for the solvent blank. An Edinburgh FLS920 was used to measure fluorescence lifetimes using a nanosecond flashlamp as the excitation source. A single exponential fit was found adequate for the BPA-RTIL complexes, giving a chi-square of near unity (0.998-1.004). was added to 1 cm 2 quartz cuvettes for fluorescence determination at 25°C.
Results and Discussion
Fluorescence Properties of BPA in Acetonitrile and RTILacetonitrile Systems
Fluorescence emission spectra of BPA in acetonitrile and RTIL-acetonitrile systems are shown in Fig. 1 6 , the fluorescence intensities (FIs) of BPA in the RTIL-acetonitrile system were significantly quenched compared to those in acetonitrile alone. In the quenching process, no obvious hypsochromic or bathochromic phenomenon of the emission maxima was observed. The presence of the non-bonding lone pair electrons, originating from electron-donating groups (-OH) in the benzene ring of BPA, leads to the fluorescence spectra of BPA more susceptible to polarity changes of solvent microenvironment. The excited state molecules of fluorescence chemicals can form complex with solvent molecules by hydrogen bond, which leads to the decreasing of FIs [22] .
Effects of the Viscosities on Fluorescence Behavior of BPA
A series of different glycerol concentrations (0, 20, 40, 60, 80 and 100 mg/L) were prepared to investigate the effects of viscosities on the FIs of BPA. As shown in Fig. 2 , the FIs of BPA were about 390 a.u. in the concentration range of 0-100 mg/L, and no significant differences of FIs were observed for the different glycerol concentration treatments. The results suggested that the solvent viscosity was independent of the FIs of BPA in this study.
Effects of the Different RTIL Concentrations on Fluorescence Behavior of BPA At ambient conditions, the viscosity of most ionic liquids is in the range of 10~1,000 mPa.s, which is much more viscous than organic solvents, such as methanol and acetonitrile [23] . 4 was reported to be 430 and 154 mPa.s, respectively, as compared to methanol with a viscosity of 0.58 mPa.s [24] . As for the same type of ionic liquid, the viscosity increases with increasing substituent atomic numbers [25] . The different concentrations of RTILs in solvents can result in a complex interplay with BPA due to their different physicochemical properties (e.g., viscosity, static dielectric constant, refractive index, density and polarizability). In this experiment, a series of RTIL concentrations ranging from 0.05 to 5.0 mM were prepared in acetonitrile to study their effects on the FI of BPA.
As shown in Fig. 1 , the FIs of BPA were decreased from about 350~400 a.u. in pure acetonitrile to 50~80 a.u. in 5.0 mM RTILs dissolved in acetonitrile. Therefore, RTILs had significant quenching effects on the fluorescence of BPA.
Effect of RTIL Cation
It has been reported that an increase of alkyl chain length on the imidazolium ring can lead to lower polarity [26] and higher of viscosity [4] when RTILs possess the same anion. Additionally, the FIs of organic chemicals will increase in a more viscous microenvironment [4] . . However, no consistent trend or obvious differences for the FIs of BPA were observed with the increase in carbon chain length on the imidazolium ring (Fig. 3) . The fluorescence emission spectra of BPA remained nearly constant, suggesting no significant effect of RTIL cations on the fluorescence behavior of BPA (Fig. 4) .
Effect of RTIL Anion
The FIs of BPA with respect to RTILs with different anions are listed in Table 1 . With the addition of RTILs, a significant quenching effect on the FI of BPA was observed in the concentration range of 0.05-5.0 mM. In addition, the quenching effect was stronger for [C n MIM]BF 4 than [C n MIM]PF 6 . Meanwhile, the fluorescence emission spectra of BPA remained nearly constant, showing a similar phenomenon to the differential cation effect (Fig. 5) . Huddleston et al. [27] found that the viscosity of imidazolium RTILs with different anions follows the order: BF 4 -< PF 6 -. Generally, the greater the symmetry of the anion, the higher the viscosity of RTILs [28] . The high viscosity may inhibit molecular diffusion and collision of excited-state BPA molecules. Thus, the quenching effect was stronger for [C n MIM]BF 4 than [C n MIM]PF 6 .
Fluorescence Quenching Mechanism
The FIs of BPA significantly decreased in the RTIL microenvironment because of molecular interaction, and thus RTILs can act as a fluorescence-quencher. Fluorescence quenching can result from static and dynamic quenching mechanisms. Static quenching refers to formation of a ground state fluorophore-quencher complex that does not emit a photon. In contrast, dynamic quenching refers to formation of an excited state fluorophore-quencher complex [28] . Fluorescence quenching is generally described by the Stern-Volmer equation: ) and the quenching constant (K sv ) are shown in Tables 2 and 3 . As reported by Geng et al. [29] , the Stern-Volmer quenching constant for dynamic quenching was less than 1.0×10 3 L/mol. Therefore, the low Stern-Volmer constants determined for fluorescence quenching of BPA by 10 RTILs in this study infers a static quenching mechanism. In addition, the quenching efficiency showed an irregular trend. (Table 5) . Additionally, the longer carbon chain length on the imidazolium ring could lead to shorter FL for the same RTIL concentrations. The FL profiles are shown in Fig. 8a for [C 6 MIM]PF 6 and 8b for [C 14 MIM]PF 6 . A consistent trend was observed between FI and FL for BPA in RTILs, i.e., the decreasing FL was consistent with the quenching effect on FL for BPA.
The ratio of τ 0 (FL for control) to τ 1 (FL for treatment) can also be applied for judging the quenching mechanism. If τ 0 /τ 1 is close to 1, the quenching mode is a static quenching mechanism, and if it is close to F 0 /F, the quenching mode is considered a dynamic quenching mechanism. It can be estimated from Table 5 that τ 0 /τ 1 ranges from 1.0018 to 1.1306 with values very close to 1. However, in the RTIL concentration range of 1 to 10 mM, F 0 /F of BPA varied between 1.63 and 4.58, thus showing an inconsistent trend with τ 0 /τ 1 . Therefore, the quenching mode is considered a static quenching mechanism based on the consistency of interpretations from FL and FI data.
Effect of RTIL Optical Property
A number of photophysical studies examining RTILs indicated that all imidazolium ionic liquids exhibited an excitation wavelength-dependent fluorescence behavior [6, 29, 30] . In this study, the emission behavior of RTILs was Fig. 8 The fluorescence lifetimes of BPA at different RTIL concentrations observed at a short excitation wavelength of 276 nm. Figure 9 shows emission spectra of 0.4 % RTILs in acetonitrile [17] . The general emission characteristics of the investigated imidazolium ionic liquids are quite similar [6, 30] . The emission band of all imidazolium ionic liquids was observed around 400 to 420 nm. For short excitation wavelengths, this band does not shift in response to variations in the excitation wavelength [6] . Meanwhile, the maximum emission band of BPA was observed near 304 nm, suggesting that the emission band of BPA and RTILs did not appreciably interfere with each other. Additionally, the FI of BPA was much higher (>3-fold) than that of the RTILs. As a result, the optical properties of RTILs do not appreciably affect the fluorescent emission of BPA when used as the solvent.
The Different Effects of RTILs on Chemicals with Different Fluorophores
In this investigation, the six RTILs all showed significant quenching effects on BPA, a weakly fluorescing compound. In order to compare the different effects of RTILs on organic chemicals with different fluorophores, we studied the characteristics of strongly fluorescing chemicals in RTILs. Using the maximum emission wavelength of 412 nm, the FI of norfloxacin (NFLX) increased by 12.0~19.0-fold in [C n MIM]BF 4 /methanol and 1.5~17.0-fold in [C n MIM]PF 6 / methanol solutions (Fig. 10a ) as compared to NFLX in methanol alone [17, 25] . In addition, RTILs had significant enhancement effects on the FIs of DNSCl compared to those in water. 6 , increased the FI of DNSCl by 7.9, 7.6 and 7.0 times, respectively, compared to that in water alone (Fig. 10b) . The fluorescence enhancement or quenching was dependent on the type and concentrations of fluorescent substances and characteristics of the RTILs. The increase in quantum yields of rhodamine B, pyronine B, and 1,10-phenanthroline in the presence of [C 4 MIM]PF 6 demonstrated fluorescent enhancement by the ionic liquids. The most significant enhancement effects on fluorescing chemicals were observed in micelles of [C 4 MIM]PF 6 , with an obvious hypsochromic shift [8] . The previous results demonstrate that RTILs, such as [C 4 MIM]PF 6 , have a different effect on strongly versus weakly fluorescing compounds, namely an enhancing effect for strongly fluorescing chemicals (e.g., DNSCl, rhodamine B, 1,10-phenanthroline, NFLX), and a quenching effect for weakly fluorescing chemicals (e.g., 17α-estradiol (EE1), 17β-estradiol (E2) and BPA). The former phenomenon is in agreement with observations by Fletcher et al. [23] who found the emission from alternant PAHs was quenched while that from nonalternant PAHs was not [4] . However, further research is required to understand the exact mechanism responsible for these differences. 6 and there was no obvious differences for the FIs of BPA with increasing carbon chain length on the imidazolium ring; (iv) The fluorescence quenching by the six RTILs was consistent with a static quenching mechanism based on the Stern-Volmer equation; The quenching mode is also considered a static quenching mechanism according to the consistency of interpretation from FL and FI data. Although FIs of fluorescence chemicals mainly depend on their structural properties, the environmental factors, especially for medium, may have a strong influence on their molecular fluorescence. Especially for the polar fluorophores in the aromatic ring, their fluorescence spectra are very susceptible to solvents, which include a "special solvent effect" indicating special chemical action between fluorophors and solvent molecules. In this research, solvent viscosity had no significant effect on the FIs of BPA, and also no obvious hypsochromic or bathochromic phenomenon of the emission maxima was observed. The quenching effect of BPA due to addition of RTILs was much smaller than that due to "encounter frequency" controlled by diffusion. In such cases, Ksv was independent of the solvent viscosity, which ruled out the possibility of dynamic quenching mechanism. However, the most appropriately distinguishing method between static and dynamic quenching is based on fluorescence lifetime. When the FLs remain nearly unchanged (i.e., τ 0 /τ 1 ≈1) in the presence of quencher, the quenching is referred to static quenching mechanism [21] . (v) The investigated RTILs had different fluorescent effects on organic chemicals with different fluorophores, namely, an enhancing effect for strongly fluorescing chemicals (e.g., DNSCl, NFLX) and a quenching effect for weakly fluorescing chemicals (e.g., BPA).
